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(57) The present invention proposes to evaluate the
electrical properties, in particular the critical current, of a
HTS superconductor (3), in particular of coated conduc-
tor tape type, wherein a measurement current (i) is in-
jected into an active part/characterization zone (4) of the
HTS superconductor, wherein the active part is cooled,
but not reservoirs (1, 2) of the HTS superconductor from
and to which the HTS superconductor is wound contin-
uously, and exposing only a fraction of the active part to
a magnetic field for testing the electrical properties, with
the magnetic field for testing having 1.5 T or more, in
particular 2 T or more, and typically being oriented per-
pendicular to a tape flat side, wherein protection
means/buffer devices (20a, 20b) are provided against
current sharing with respect to outside the active part,
wherein injection of the measurement current is done
where the residual magnetic field is at least 3 times lower
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METHOD FOR EVALUATING THE ELECTRICAL PROPERTIES OF AHTS SUPERCONDUCTOR

as compared to the magnetic field for testing and/or the
local critical current at the current injection locations is
at least three times higher as compared to the critical
current at the magnetic field for testing. Preferably, cur-
rent injection is done where the magnetic field has an
opposite sign as compared to the magnetic field of test-
ing. Evaluation of the electrical properties, in particular
the evaluation of the critical current, may be done by de-
termining an integral of a voltage drop (U) across the
active part or a fraction of the active part, e.g. between
two voltage pick-up elements (15a, 15b), as a function
of measurement time (1), in particular comparing the in-
tegral value to a critical value (CV) and determining the
corresponding time when the critical value was reached.
The inventive method is less susceptible to measurement
errors.
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Description

[0001] Theinvention relates to a method for evaluating
the electrical properties of a HTS superconductor, in par-
ticular a HTS superconductor tape,

wherein the HTS superconductor is exposed to a cryo-
genic environment of a temperature T,

wherein the HTS superconductor passes through a char-
acterization zone where a magnetic field is applied to the
HTS superconductor,

wherein the characterization zone comprises a central
region and two peripheral regions through which the HTS
superconductor passes,

and wherein the HTS superconductor is supplied with a
measuring current by two current exchange elements,
wherein one of the current exchange elements contacts
the HTS superconductor in each peripheral region.
[0002] Such a method is known from L. Rossi et al.,
"Sample and length-dependent variability of 77 and 4.2
K properties in nominally identical RE123 coated con-
ductors", Superconductor Science and Technology
2016, Vol. 29, No. 5, 054006.

[0003] Superconductors can be used to carry an elec-
tric current at practically no ohmic losses, for example in
order to produce high strength magnetic fields in super-
conducting magnet coils, or simply to transport the cur-
rent from a source to a consumer. Superconductor ma-
terials have to be cooled down to a critical temperature
Terit specific to the superconductor material to become
superconducting; cooling a superconductor further below
its critical temperature Tt increases the strength of an
electrical current (or electrical current density) the super-
conductor may carry and the strength of a magnetic field
the superconductor material may be exposed to while
staying superconducting.

[0004] In practical applications, an important electric
characteristic of a particular superconductor is the max-
imum electrical current strength that a superconductor
may carry at a given temperature (or operating temper-
ature) and a given magnetic field strength (or operating
magnetic field strength). This maximum electrical current
strength is called the critical current [crit,

[0005] High temperature superconductors (HTS) re-
quire less cooling as compared to conventional low tem-
perature superconductors (LTS), i.e. HTS superconduc-
tors have a higher Tct as compared to LTS supercon-
ductors; often HTS materials have a T¢rit of 77 K or higher.
In turn, when operating HTS superconductors at temper-
atures far below their critical temperature T¢'it, they may
carry much higher electric currents as compared to LTS
superconductors. However, producing HTS supercon-
ductors is rather difficult as compared to conventional
metallic LTS superconductors, in particular since HTS
materials are typically ceramic and require a rather spe-
cific chemical composition and microstructure. Commer-
cial HTS superconductors are typically of tape type (also
known as coated conductors), wherein a superconductor
layeris deposited on a flexible substrate, such as a metal
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substrate, typically applying one or more buffer layers in
between.

[0006] HTS superconductors in general include occa-
sional defects that limit the current carrying capacity. Ac-
cordingly, the quality of a manufactured HTS should be
checked by evaluating their electrical characteristics be-
fore using them in practical applications.

[0007] L. Rossi et al., see above, have suggested to
measure the critical current of a ReBCO type coated con-
ductor every 2 cm. The coated conductor is wound from
a first reel to a second reel, passing over roller type cur-
rent contacts. Between the roller type current contacts,
the coated conductor passes voltage taps with an elec-
tromagnet in between, and voltage taps with a rotating
permanent magnet in between. The whole coated con-
ductor including the reels, the current contacts, the volt-
age taps and the magnets are located in a LN2 bath; the
applied magnetic field was about 0.5 Tesla. Further, it is
suggested to predict 4.2 K, high field tape properties from
the in-field measurements at 77 K.

[0008] Although the setup my give indications of quality
variations of a coated conductor, the electrical charac-
terization has been found to be susceptible to measure-
ment errors. In particular, it is difficult to distinguish de-
fects in the material from measurementerrors. So making
reliable predictions on the behaviour of the coated con-
ductor in practice is difficult to obtain.

[0009] US 2007/0149411 A1 proposes to measure
electrical characteristics of a superconducting tape at a
plurality of positions along its length. The tape is wound
between two reels, wherein the tape is guided by guiding
rolls through a characterization zone where a pair of per-
manent magnets may be rotated about the tape. Both
non-contact and direct contact testing methods for the
tape are proposed, however no details are given where
to set up contact elements.

Object of the invention

[0010] Itisthe objectoftheinvention to presenta meth-
od for evaluating the electrical characteristics of a HTS
superconductor that is less susceptible to measurement
errors, and in particular allows a more reliable prediction
of the behaviour of the HTS superconductor under high
field, low temperature conditions.

Short description of the invention

[0011] This object is achieved, in accordance with the
invention, by a method as introduced in the beginning,
characterized in

that the HTS superconductor is continuously translated
from a first reservoir through the characterization zone
to a second reservaoir,

thatthe HTS superconductor is exposed to the cryogenic
environment only in a cryogenic zone, wherein the cry-
ogenic zone includes the characterization zone and
wherein the first and second reservoir are located outside



3 EP 3 671 247 A1 4

the cryogenic zone,

that the HTS superconductor passes two buffer zones
where two de-coupling sections are created in the HTS
superconductor, with a first decoupling section estab-
lished between the first reservoir and the characterization
zone, and a second decoupling section established be-
tween the characterization zone and the second reser-
voir,

that the magnetic field is chosen such that a maximum
magnetic flux density at the HTS superconductor in the
central region is B gy, With B gy > 1.5 Tesla, and a max-
imum magnetic flux density at the HTS superconductor
at the current exchange elements is B, such that, at
the temperature T, of the HTS superconductor estab-
lished by the cryogenic environment in the characteriza-
tion zone, for a critical current | g, °"t of the HTS super-
conductorin the central region and a critical current IperiCrit
of the HTS superconductor at the current exchange ele-
ments, the following applies:

Ipericrlt 2 3*Icentrc”t,

and that in each buffer zone, the HTS superconductor is
treated such that

- the HTS superconductor becomes normally con-
ducting within the decoupling section, or

- a local critical current lpse°t of the HTS
superconductor in the decoupling section is
assumed with 1y e, St < 1/50* 1oy oMt

[0012] The inventive method suggest a plurality of
measures to be applied in order to achieve amore reliable
electric characterization of the HTS superconductor. In
brief, according to the invention, the cryogenic environ-
ment is only applied in a cryogenic zone, which in par-
ticular does not include the first and second reservoir of
the HTS superconductor. This makes the setup simpler,
and intrinsically minimizes possible disturbance impact
from most of the HTS superconductor. Further, the meth-
od suggests to put the current exchange elements (cur-
rent contacts) in a respective peripheral region where the
local critical currentis significantly higher thanin the char-
acterization zone, typically by having a much lower ab-
solute value of magnetic flux density (or magnetic field
strength) there; this avoids measurement errors by a var-
ying electrical contact quality. In turn, it is suggested to
apply a relatively high magnetic flux density (or magnetic
field strength) at the central region, which has been found
to improve predictions on behaviour under higher mag-
netic fields and at lower temperatures than Tg,,. Even
further, the invention suggests buffer zones in the setup,
and corresponding decoupling sections in the HTS su-
perconductor. These help in blocking leakage currents
and antenna-effect currents, and thus avoid correspond-
ing measurement errors. The measures allow a contin-
uous HTS superconductor translation and measurement,
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which is fast and thorough.

[0013] The method establishes one or a plurality of
electric characteristics of the HTS superconductor, indi-
cating a superconducting performance of the HTS con-
ductor. Typically, a transition between superconducting
state and normally conducting state is monitored or
checked for, such as by measuring a critical current or a
critical magnetic field as a function of the position along
the HTS superconductor.

[0014] In accordance with the invention, a relatively
high magnetic flux density B_, is used at the HTS su-
perconductor at the central region, namely with B g >
1.5 Tesla, which has been found to allow a more accurate
estimation of the behaviour of the HTS superconductor
at higher fields such as at By,g,>10 Tesla and at lower
temperatures such as T,,,<4.2 K. Note that during elec-
trical characterization, the HTS superconductor is typi-
cally kept significantly above 4.2K, such as 30 Kor above,
in particular to save cooling costs. It should be noted that
the maximum magnetic flux density of By, is present
only at a relatively short section of the HTS supercon-
ductor tape in the central region ("magnetic knife"), such
as of only 20 mm in length or less, or even 5 mm in length
or less, and the information about the HTS superconduc-
tor quality is basically obtained from this section. How-
ever, other parts of the HTS superconductor between the
current exchange elements or between voltage pick-up
elements may still contribute to the measurement result.
[0015] However, when using such a high magnetic flus
density (or high magnetic field) in the central region, the
inventors found that measurements of the electrical prop-
erties of the HTS superconductor may be influenced by
unexpected (and unwanted) effects in the peripheral re-
gions when doing a continuous conductor translation.
[0016] In particular due to unevenness of the HTS su-
perconductor, the "active" electrical contact area of the
currentexchange elements with the HTS superconductor
may vary during superconductor translation significantly.
Now when trying to introduce a measurement current
into the HTS superconductor by the current exchange
elements, the variation of "active" contact area may bring
the HTS superconductor to the limits of its (local) current
carrying capacity, what may influence the measurement
current actually transferred into the HTS superconductor
(in particular reduce it at times of bad contact) and a
related measurement voltage. These effects at the cur-
rent exchange elements superimpose with the charac-
teristic effects of the HTS superconductor in the central
region of interest, so the measurement of the character-
istics of the HTS superconductor may become distorted.
[0017] Theinvention proposes to locate the current ex-
change contacts such that the electrical exchange ele-
ments are placed at the periphery of the generated mag-
netic field, where (due to a lower magnetic flux density)
the critical current (or the critical current density, respec-
tively) is significantly higher than in the central region.
Then a varying "active" electrical contact area at the cur-
rent exchange elements, which leads to a varying current
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density locally near the current exchange elements, is
less likely to come close to the limits of the current car-
rying capacity of the HTS superconductor. In general, a
factor of 3 of increased critical current (or critical current
density, respectively) in the peripheral regions as com-
pared to the central region already allows a good protec-
tion against unwanted measurement current variations
or measurement voltage variations due to the varying
electrical contact area at the current exchange elements.
However, for long HTS tape lengths and narrow tape
widths (where defects have more influence on the super-
conductor performance), often a higher safety should be
achieved by applying higher factors, such as a factor of
5 or more, or a factor of 10 or more, or even a factor of
20 or more for the critical currents (or critical currentden-
sities).

[0018] Further, buffer zones are established, in ac-
cordance with the invention, which generate decoupling
sections in the passing HTS superconductor. The buffer
zones or the decoupling sections minimize electrical cur-
rent exchange between HTS superconductor in the char-
acterization zone and outside the characterization zone.
[0019] Leakage currents flowing from the current ex-
change elements through the HTS superconductor away
fromthe characterization zone (e.g. through outside guid-
ing elements or reservoir reels) may disturb the determi-
nation or control of the measurement current through the
characterization zone. Moreover, HTS superconductor
sections outside the characterization zone may act as
antenna and collect noise. By means of the buffer zones,
current flow to and from the outside of the characteriza-
tion zone may be stopped or at least brought to a level
well below the measurement current of interest. Note that
typically, the buffer zones or the decoupling sections start
immediately beyond the current exchange elements or
the characterization zone, respectively. In the buffer
zones, the HTS superconductor is specifically treated in
order to block or minimize electric current through the
decoupling zones.

[0020] The buffer zones may be located partially or
completely in the cryogenic zone, but typically are located
partially or completely outside the cryogenic zone. Typ-
ically, the HTS superconductor in the buffer zone is ac-
tively heated (such as with a temperature gradient of
3000 K/m, and typically above room temperature, such
as to 40°C or more or 50°C or more) in order to make it
non-superconducting and possibly to avoid icing. How-
ever, itis also possible to keep the HTS superconductor
in a superconducting state in the buffer zones, albeit with
a very low critical current Iy .,°t, such that possible
noise and leakage current is very low as compared to
the measurement current (which is typically close to the
critical current I, ° at the central region), e.g. by a
some heating and/or applying a mediocre jamming mag-
netic field. A typical decoupling section has a length of
at least 5 cm, preferably at least 10 cm, more preferably
atleast 20 cm. Further typically Iy e, %t < 1/100*] s, °M.
It should be noted that in general, exposing the HTS su-
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perconductor simply to ambient temperature is not
enough to establish a buffer zone, since the HTS super-
conductor is often cold enough for superconductivity far
away from the cryogenic zone due to cold storage, ther-
mal conduction in the HTS superconductor (which often
has a copper sheath or metal substrate) and/or cold gas
flows (in particular N2 from a LN2 bath) at the insert and
exit openings of a cryostat for the HTS superconductor.
[0021] Typically, the magnetic field within the central
region is basically homogeneous, and the magnetic field
in the peripheral region exhibits a significant gradient.
Typically, Bgi > 2.0 Tesla, preferably B > 2.5 Tesla.
In the central region, the magnetic field is typically per-
pendicular to a flat side of the HTS superconductor.
[0022] Typically, the HTS superconductor is of tape
type, often with a ReBCO type HTS layer (Re=rare earth
element, such as Y), and is continuously wound from a
first reel to a second reel in solenoid or pancake arrange-
ment during the method, and the HTS superconductor is
continuously (or quasi-continuously) measured during
such winding. The HTS superconductor typically has a
critical temperature of 30 K or more, and preferably 63
K or more, and even more preferably 77 K or more. The
HTS superconductor has basically constant cross-sec-
tional dimensions along its long direction (in particular
with a constant width and thickness of the HTS layer,
such that the critical current density and the critical cur-
rent are proportional). Typically, a HTS superconductor
investigated has a length of 100 m or more, often 1000
m or more.

[0023] The currentexchange elements (as well as volt-
age pick-up elements) are typically designed as deflec-
tion pulleys, establishing a good electrical contact to the
HTS superconductor.

[0024] The evaluation of the electrical properties may
include an evaluation of critical current, in particular per-
formed via an analysis of a time-dependent integral volt-
age drop provided at voltage pick-up elements. Alterna-
tively, the evaluation of the electrical properties may in-
clude an evaluation of critical magnetic field (or critical
magnetic flux density) which also may be performed us-
ing an analysis of a time-dependent integral voltage drop
provided at voltage pick-up elements. However, other
kinds of evaluation are also possible.

[0025] The results of the electrical characterization
may be used directly for identifying defective HTS super-
conductors (e.g. by comparing with previous results for
defect-free HTS superconductors), or the results of the
electrical characterization may be used for estimating
electrical properties of the HTS superconductor under
higher magnetic field and/or lower temperature condi-
tions.

Preferred variants of the inventive method

[0026] In an advantageous variant of the inventive
method, Benir and By, are chosen such

it . '
that IpericrI 235 IcentrcrI ’
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preferably lpe Mt > 10* oy oM,

most preferably lpe, €t > 20*|,6n, . When |po€ is cho-
sen even larger as compared to |, then the safety
margin for compensating for bad electrical contact at the
current exchange elements is even higher, and meas-
urement errors due to bad electrical contact become
even less likely and less severe.

[0027] Preferred is a variant wherein B
are chosen with

and B

centr peri

Bperi = 0.3*Bcentr 3

centr’

preferably B, < 0.2"B
more preferably Bpg; < 0.1"Bgeny,

most preferably Bp,e < 0.05"B oy, Shaping the magnetic
field is a simple way to establish locally different critical
currents. It should be noted, though, that the (local) crit-
ical currentmay depend non-linearly on the magnetic flux
density.

[0028] In a preferred variant, the first decoupling sec-
tion of the HTS superconductor is established between
a last guiding element of the HTS superconductor fed
from the first reservoir and a first current exchange ele-
ment of the current exchange elements, and the second
decoupling section of the HTS superconductor is estab-
lished between a second current exchange element of
the current exchange elements and a first guiding ele-
ment of the HTS superconductor fed to the second res-
ervoir. In this way, leakage currents may be effectively
eliminated or atleast reduced. The decoupling zones are
established at locations that electrically insulate the HTS
superconductor currently at the characterization zone,
by interrupting the only significant electrical conduction
path (i.e. the HTS superconductor) to the next touching
structures outside the characterization zone.

[0029] Particularly preferred is a variant wherein in the
buffer zones, the HTS superconductor undergoes

a) an active heating, in particular an electrical heat-
ing, to a temperature Ty e, With Ty yrer > Tenys Pref-
erably Ty > room temperature, and/or

b) exposure to a jamming magnetic field that sup-
presses the local critical current | ., °"t. Active heat-
ing (which is faster and more reliable than simply
exposing the HTS superconductor to ambient con-
ditions) is a simple and highly efficient way to make
the HTS superconductor normally conducting or at
least lowering its critical current to an insignificant
level, and thus block leakage and noise currents.
Active heating is typically done electrically, what is
easy to control, for example using ohmic heating of
heating elements close to the HTS superconductor,
ordone inductively, e.g. by inducing electric currents
in normally conductive parts (e.g. a copper sheath
or a metal substrate) of the HTS superconductor. It
is also possible to expose the HTS superconductor
to a jamming magnetic field that brings down the
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critical current, or in combination with some active
heating makes the HTS superconductor normally
conducting. Note that establishing a jamming mag-
netic field is possible without difficulty within the cry-
ogenic zone, if need may be.

[0030] In a highly preferred variant, the current ex-
change elements are positioned such that a local direc-
tion of the magnetic field at the current exchange ele-
ments is opposite to the direction of the magnetic field in
the central region at the HTS superconductor. Opposite
means in particular that the component of the local mag-
netic flux density perpendicular or near to perpendicular
to a flat side of the HTS superconductor at the central
region (where B_. is present) is of opposite sign as
compared to the peripheral region (where B is
present). In this way, the current carrying capacity of the
HTS superconductor at the current exchange elements
may be kept high, while keeping a high magnetic field at
the central region.

[0031] In a preferred variant, a voltage drop V., at
least across the central region of the HTS superconduc-
tor is monitored using two voltage pick-up elements, in
particular wherein the voltage pick-up elements contact
the HTS superconductor between the current exchange
elements. Monitoring the voltage drop V., allows sim-
ple and informative electrical characterization; it is indic-
ative of the tape resistance at a given measurement cur-
rent. Positioning the voltage pick-up elements between
the current exchange elements reduces noise. Detection
of electrical voltage (voltage drop) is preferably per-
formed with ~10-6 V accuracy. Then measures for sup-
pression of external electrical and magnetic fields should
be taken to provide reproducible and correct measure-
ment results. According to the invention, the following
measures can be taken:

(i) magnetic shielding/screening of the voltage char-
acterization area (this differs from the magnetic
screening employed for confining the high field ar-
ea/central region),

(ii) electric screening of the voltage characterization
area,

(iii) reduction/minimization of the geometric area of
an electric loop used in the voltage evaluation circuit
(e.g. via keeping voltage conductors/electrical lines
close to each other as well as close to the measured
HTS superconductor/tape in the characterization
zone in order to suppress induced voltage), and
(iv) employment of electromagnetic screening of the
voltage-signal cables/electrical lines coming outside
the characterization area. Note that for (i) and (ii), a
ferromagnetic and grounded vacuum container of a
cryostat inside of which the voltage characterization
area (and the characterization zone as a whole) are
located may be employed. For (iv), coaxial cables
with the outer conductor grounded may be em-
ployed.
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[0032] In anadvantageous further development of this
variant, the method is conducted such that for the voltage
drop Vgep, the following applies

0.5uVEVaps2V,

preferably 0.5 WV < Vy o<1V,

most preferably 1 pV < Vg, <1 V. In accordance with
this further development, during a measurement cycle,
the voltage is typically varied (ramped) over the intervals
listed above. Note that measurement currents are in gen-
eral about 2-10 A. Then an electrical power in the HTS
superconductor will be typically below 10 W/cmZ2, what
should be easily removed by e.g. LN2 cooling, so there
is no danger of conductor burnout. When using broad
ranges (such as >500 mV, or >900 mV), a high signal to
noise ratio may be achieved, facilitating detection of (nor-
mally conducting) local defects in the HTS superconduc-
tor.

[0033] Particularly preferred is a further development
providing that the voltage pick-up elements are
connected to electrical wires, and that at least a part of
one or both of the electrical wires is guided within the
characterization zone together with the HTS
superconductor through a cleavage of a magnetic field
generation device. This way, said at least part of one or
both of the electrical wires (lines) crosses at least part of
the characterization zone exhibiting the maximum
magnetic flux density Bgp,- Guiding the electrical wire(s)
and the HTS superconductor together (i.e. in close
vicinity) avoids collecting electromagnetic interferences
(antenna effects). The area encompassed by electrical
wires picking up voltage and the HTS superconductor is
minimized.

[0034] A preferred further development is character-
ized in that a probing voltage drop as a function of time
or location on the HTS superconductor is determined,
wherein for determining the probing voltage drop,

- thevoltage dropis repeatedly read outat an identical
respective magnetic field strength and at anidentical
respective measurement current value,

- orthevoltage dropisintegrated during repeated con-
generic cycles of sweeps of the measuring current
or the magnetic field until an identical measurement
current value or an identical magnetic field strength
has been reached in each case,

that a first derivative with respect to the time or location
of the probing voltage drop is determined,

and that a transport of a defect of the HTS superconduc-
tor through the characterization zone during the contin-
uous translation is established by identifying a maximum
of the first derivative of the probing voltage drop followed
by a minimum of the first derivative of the probing voltage
drop. A defect (local area of low critical current or of nor-
mal conductivity in the HTS superconductor) will cause
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an addition to the voltage drop as compared to the defect-
free HTS superconductor. As long as the defect is in the
central region at the highest and locally constant mag-
netic field, it will cause a constant addition; however it
will also contribute to the voltage drop when in the pe-
ripheral (transient) regions where a field gradient is
present, to a lesser degree. These effects may be well
identified using the first derivative of the probing voltage
drop with respect to time, i.e. df/(r)/dr, or with respect to
the location x, i.e. dU(x)/dx. Note that with a constant
translation speed, the time T and the location (coordinate)
x on the HTS superconductor carry equivalent informa-
tion. When the defect enters the characterization zone,
the first derivative will exhibit a positive peak (maximum),
and upon leaving the characterization zone, the first de-
rivative will exhibit a negative peak (minimum), what may
be used for simple identification of the defect. Note that
for determining the probing voltage drop U, the voltage
drop U may e.g. beread out at orintegrated up to identical
relative points of time during sweeping cycles of the mag-
netic field or of the measuring current (see below), or
there is simply a constant magnetic field and constant
measurement current applied so the probing voltage drop
is simply the (original) voltage drop. A particular high re-
liability may be achieved when using the integrated volt-
age drop for determining the probing voltage drop; here
congeneric cycles of sweeps of the measuring current or
the magnetic field have to be applied, with the same
sweep speed of the swept variable, with integration up
to the same value of the swept variable, and with the
other conditions chosen the same in each cycle.

[0035] In an advantageous variant of the inventive
method, the evaluation of the electrical properties of the
HTS superconductor includes

a) applying a constant magnetic field in the charac-
terization zone, applying a sweep of the measuring
current, and monitoring a voltage drop at least across
the central region along the HTS superconductor, or
b) applying a constant magnetic field in the charac-
terization zone, and regulating and monitoring the
measuring current such that a constant voltage drop
at least across the central region along the HTS su-
perconductor is obtained, or

c) applying a sweep of the magnetic field in the char-
acterization zone, applying a constant measuring
current, and monitoring a voltage drop atleast across
the central region along the HTS superconductor.
These alternatives are comparably simple to do, and
allow obtaining a continuous or quasi-continuous in-
formation on the quality of the HTS superconductor.

[0036] In an advantageous further development of the
above variant, the sweep of the measuring current and/or
the sweep of the magnetic field applies a saw tooth like
waveform. This is simple to do and easy to analyse.

[0037] In another further development, the method is
conducted such that for a cycle duration CD of the sweep
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of the measuring current and/or of the sweep of the mag-
netic field, or a cycle duration CD of regulating the meas-
uring current to re-establish the constant voltage drop,
the following applies:

0.5 ms < CD < 100 ms. These cycle durations allow high
(tape) scanning speeds, in particular of about 100 m/h
through 4000 m/h.

[0038] In a highly preferred variant, the evaluation of
the electrical properties includes evaluating the critical
current lqny°t of the HTS superconductor at the temper-
ature T, established by the cryogenic environment and
at the maximum magnetic flux density B, The critical
current | critis a simple, easily to understand and eas-

centr
ily to obtain information on the HTS superconductor qual-

ity.

[0039] In a preferred variant, Bgny, is chosen with

Beenr S 6 Tesla,

preferably B g < 4 Tesla,

and that T, is chosen with Ty, =2 24 K,

preferably T, = 77 K. These conditions are relatively
easy to establish (in particular with LN2 or with dry cry-
ostats and/or without using LHe, and with permanent
magnets or normally conducting electromagnets), and
yet allow a good estimation of the quality of the HTS
superconductor, in particular if prediction of high field,
low temperature characteristics is intended.

[0040] In an advantageous further development of the
above two variants, the evaluation of electrical properties
further includes estimating a high field low temperature
critical current I 1 for the HTS superconductor at a
magnetic flux density By, and at a temperature Tig,
based on | g, °'t,

with

Brigh = 3*Beentr ,

preferably By,g, > 10 Tesla,

most preferably By,g, = 15 Tesla,

and further with

Tiow < 4.2 K. This establishes an information typically
highly relevant for practical applications, such as use in
a high field magnetic coil cooled in LHe. By means of the
inventive measures, a particularly reliably estimation
may be achieved. The calculation may include using the
correlation ¢t ~B-¢, in particular with o. chosen between
0.7 and 0.8. Typically, |, "t is first converted by a first
correlation function into a critical current at the low tem-
perature Tiow (but still at B.,,), and is then converted
by a second correlation function into g, 1°mit.

[0041] In a preferred variant, the magnetic field is gen-
erated by means of a magnetic field generation device
comprising

- a permanent magnet and a soft ferromagnetic ma-
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terial,

- and/or an electromagnet. Permanent magnets and
(normally conducting) electromagnets are inexpen-
sive, and both simple and safe in application.

[0042] In a highly preferred variant, the magnetic field
is shaped using a ferromagnetic screening. In this way,
the magnetic field distribution according to the invention,
in particular establishing a comparably low magnetic field
strength at the current exchange elements, is achievable
in a simple and inexpensive way. Typically, the ferromag-
netic screening comprises a casing encompassing a
magnetic field generation device and the central region,
wherein the peripheral regions are located outside the
ferromagnetic screening.

[0043] Furtherwithinthe scope of the presentinvention
is an apparatus for evaluating the electrical properties of
a HTS superconductor, in particulara HTS superconduc-
tor tape, designed for performing an inventive method as
described above. Typically, the apparatus comprises a
cryostat, inside of which a magnetic field generation de-
vice, two current exchange elements, and two voltage
pick-up elements are located; further the cryostat typi-
cally comprises a cooling device for establishing the cry-
ogenic temperature T, inside the cryostat. Further, the
apparatus typically comprises two buffer devices for es-
tablishing the buffer zones, typically at the exits of the
cryostat for the HTS superconductor, and often designed
as electric heaters. Further, the apparatus typically com-
prises a first reel and a second reel for winding a HTS
superconductor from the first reel through the first buffer
device, the cryostat and the second buffer device to the
second reel, and a motor system allows a motorized
winding. Further, the apparatus typically comprises a
controller device for conducting continuous or quasi-con-
tinuous electrical measurements of the HTS supercon-
ductor tape during its continuous transport/ winding, and
possibly for analysing the measured data, including pre-
diction of a high field, low temperature characteristic of
the HTS superconductor. The inventive apparatus allows
areliable electric characterization of the HTS supercon-
ductor.

[0044] Further advantages can be extracted from the
description and the enclosed drawing. The features men-
tioned above and below can be used in accordance with
the invention either individually or collectively in any com-
bination. The embodiments mentioned are not to be un-
derstood as exhaustive enumeration but rather have ex-
emplary character for the description of the invention.

Drawing
[0045] The invention is shown in the drawing.
shows a schematic cross-section of an em-

bodiment of an inventive apparatus for con-
ducting a variant of the inventive method;

Fig. 1
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Fig. 2a llustrates a characterization zone, used in a
variant of the inventive method, with an elec-
trical line of a voltage pick-up element running
through the magnetic field generation device;
Fig. 2b  shows a schematic diagram for a magnetic
field distribution in the characterization zone,

for use with the inventive method;

illustrates a characterization zone, used in an-
other variant of the inventive method, with two
electrical lines of voltage pick-up elements
running through a respective half of the mag-
netic field generation device;

Fig. 4 shows a schematic diagram of the course of
a measurement for use in the inventive meth-
od, of i-sweep type;

Fig. 5 shows a schematic diagram of the course of
a measurement for use in the inventive meth-
od, of B-sweep type;

Fig. 6 shows a schematic diagram of the course of
a measurement for use in the inventive meth-
od, of constant voltage type;

Fig. 7 shows a schematic diagram of the first deriva-
tive of the probing voltage drop dU(t)/dt as a
function of time t when a defect passes the
characterization zone.

[0046] Fig. 1 shows in a schematic cross-section an
inventive apparatus 100 for carrying out the inventive
method by way of example.

[0047] The apparatus 100 comprises a first reservoir
1 and a second reservoir 2 for a tape type HTS super-
conductor 3. The HTS superconductor 3 is guided from
the first reservoir 1 over a (last first side) guiding element
9 of deflection pulley type through a characterization
zone 4 where electric properties of the HTS supercon-
ductor 3 are measured, further over a (first second side)
guiding element 10 of deflection pulley type and onto the
second reservoir 2. The first and second reservoir 1, 2
are designed here with reels, wherein the second reser-
voir 2 resp. its reel comprises a reel drive 5, here with an
electric motor. The first and second reservoir 1, 2 and
guiding elements 9, 10 are arranged on arespective sup-
port or supports (not shown in detail here, for simplicity),
preferably on a common outer base frame. The guiding
element 10 comprises a tension sensor (not shown in
detail).

[0048] The characterization zone 4 is located within a
cryogenic zone 6, which is formed by the interior of a
cryostat, here comprising a cryovessel 7 and a thermally
insulating cover 8. The interior of the cryostat is here at
least partially filled with liquid nitrogen (LN2) (not shown
here for simplicity). The cryostat is connected to a cryo-
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cooler (not shown here for simplicity) to cool its interior
and here to safe LN2; alternatively, LN2 can be added
more often.

[0049] Accordingly, the HTS superconductor 3 is local-
ly exposed to a cryogenic environment 11, namely when
passing the cryogenic zone 6, but for the most part, the
HTS superconductor 3 is exposed to ambient conditions
(room temperature of about 20°C), in particular at the
first and second reservoirs 1, 2. The cryogenic environ-
ment 11 has a temperature T, of here 77 K, which is
assumed by the HTS superconductor 3 within the cryo-
genic zone 6.

[0050] On top of the cover 8 of the cryostat, there is
arranged a base plate 29 with a number of feedthroughs
for accessing the equipment inside the cryostat. In par-
ticular, there are a number of pendants 28 which suspend
an inner base frame 14 ("lower basis") located in the in-
terior of the cryostat. The pendants 28 are typically made
of thin stainless steel which provides reduction of cryo
loss. Further, there is a LN2 nozzle for re-filling of the
cryostat with LN2 and a level sensor 26 extending
through the cover 8 of the cryostat.

[0051] Theinnerbaseframe 14 carries a magneticfield
generation device 17, here constructed as a normally
conducting electromagnet, having a cleavage 18 through
which the HTS superconductor 3 passes. Electrical lines
(current leads) 19 provide the magnetic field generation
device 17 with operating current; the electriclines 19 pass
through the cover 8. The magnetic field generation device
17 generates a magnetic field, both in a central region
23 (intended for the measurement) and in peripheral re-
gions 24a, 24b (as an unintended stray field) in the char-
acterization zone 4. The magnetic field distribution is set
with the help of a ferromagnetic screening 25, which en-
compasses the magnetic field generation device 17 here.
The generated magnetic field is strongest at a magnetic
center within the central region 23 (compare also Fig.
2a); there the HTS superconductor 3 is exposed to the
maximum flux density B.g,i, here with Bogpr = 2.5 Tesla.
[0052] Further, the inner base frame 14 carries a first
current exchange element 12a and a second current ex-
change element 12b, which are designed as deflection
rollers here. The current exchange elements 12a, 12b
are connected to electric lines (currents leads) or wires
13a, 13b which go straight upwards, passing through the
cover 8. The current exchange elements 12a, 12b con-
tact the HTS superconductor 3 in the peripheral regions
24a, 24b for applying a measurement current. Here, the
maximum magnetic flux density is Bg;. In the example
illustrated, B,e,=0.25 Tesla.

[0053] Further, the inner base frame 14 carries a first
voltage pick-up element 15a and a second voltage pick-
up element 15b, which are also designed as deflection
rollers here. The voltage pick-up elements 15a, 15b are
connected to electrical lines (voltage leads) or wires 16a,
16b; in the example shown, electrical line 16a is guided
in parallel to the HTS superconductor 3 outside magnetic
field generation device 17, and above the second voltage
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pick-up element 15b, the electrical lines 16a, 16b are
twisted and pass through the cover 8. The voltage pick-
up elements 15a, 15b are located, with respect to the
motion of the tape, between the current exchange ele-
ments 12a, 12b.

[0054] Introduction of the HTS superconductor 3 into
the characterization zone 4 (and here also the cryogenic
zone 6) is done via buffer devices 20a, 20b. The buffer
devices 20a, 20b are here designed with electrical tape
heaters, which establish buffer zones 21a, 21b inside of
which the HTS superconductor 3 is heated, here to a
temperature T . above ambient temperature, in the
example shown to atemperature of about 50°C. The buff-
er zones 21a, 21b cause respective decoupling sections
22a, 22b of the HTS superconductor 3, where the HTS
superconductor is safely normally conducting (and not
superconducting), and therefore electric current transfer
is minimized. The decoupling sections 22a, 22b here
have a lengths (in tape direction) of about 50 cm here.
[0055] In the course of evaluating the electrical prop-
erties of the HTS superconductor 3, the HTS supercon-
ductor 3 is exposed to an electrical measurement current
viathe currentexchange elements 12a, 12b and exposed
to a magnetic field up to B, in the central region 23.
The voltage drop V,, across the central region 23 is
measured via the voltage pick-up elements 15a, 15b.
Thanks to the low value of B, as compared to Bgpyy,
the (smallest) local critical current l¢, it in the central
region 23 is here more than 5 times smaller than the
(highest) local critical current IperiCrit in the peripheral re-
gions 24a, 24b, i.e. | seny° < 5* |56, The measurement
current, the voltage drop and the magnetic field gener-
ated by the magnetic field generation device 17 and here
also the LN2 level are controlled and/or monitored via an
electronic controller device 27, which is shown as a single
unit here, but which may also comprise a number of sub-
units such as magnet current control box, a measurement
current distribution box, a voltage signal box and a LN2
distribution box.

[0056] Fig. 2a illustrates another example of an inven-
tive apparatus 100 for carrying out the inventive method.
For simplicity, only the interior of the cryostat is shown,
and only the major differences with respect to Fig. 1 are
explained.

[0057] Inthe example shown, the HTS superconductor
3 is guided by current exchange elements 12a, 12b and
voltage pick-up elements 15a, 15b through the cleavage
18 of the magnetic field generation device 17. In addition,
also the electric line 16a, which is connected to the first
voltage pick-up element 15a, is guided through the cleav-
age 18, in close vicinity and parallel to the HTS super-
conductor 3. On the right side of the magnetic field gen-
eration device 17, the electric line 16a is guided to the
top, in close vicinity of and in parallel with (or alternatively
twisted with) the electric line 16b, which is connected to
the second voltage pick-up element 15b. By this means,
antenna effects of the electrical lines 16a, 16b are mini-
mized.
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[0058] Further, the field lines 30 of a typical magnetic
field generated by the magnetic field generation device
17 are shown. Field lines 30 in the central region 23 have
a high density, in particular near the magnetic center 31,
where the magnetic field strength is highest (and B,
acts on the HTS superconductor 3, typically in a direction
perpendicular to the plane/flat side of the tape). In con-
trast, in the peripheral regions 24a, 24b, where the cur-
rent exchange elements 12a, 12b contact the HTS su-
perconductor 3, the field lines 30 have a relatively low
density. The maximum magnetic field acting on the HTS
superconductor there (with corresponding B ,; acting on
the HTS superconductor 3 at the current exchange ele-
ments 12a, 12b, typically in a direction having some in-
clination to the plane/flat side of the tape) is far below
Bgentr in terms of absolute value.

[0059] In the example shown, the magnetic field
strength simply falls off monotonically away from the
magnetic center 31. However, in practice, the magnetic
field often changes its sign several times when going
away from the magnetic center 31. Such a behavior may
be promoted by appropriate magnet design or ferromag-
netic screening design. In this case, it is advantageous
to place the current exchange elements 12a, 12b or the
respective peripheral regions 24a, 24b in areas where
the sign of the magnetic field is opposite to the sign at
the magnetic center 31. In this way, a higher magnetic
field may be applied to the HTS superconductor 2 for
measurement purposes, while at the same time keeping
the critical currents IperiCrit in the peripheral regions 24a,
24b high. Fig. 2b illustrates such a magnetic field (com-
pare axis to the top, illustrating the magnetic flux density
B, as a function of location )A(), and the peripheral regions
24a, 24b and central region 23. The magnetic center is
here at x=0, with direction )A(extending along the cleavage
of the magnetic field generation device, along with the
HTS superconductor.

[0060] Fig. 3 illustrates an alternative design of an in-
ventive apparatus 100 for carrying out the inventive meth-
od, similar to the apparatus shown in Fig. 2a. Only the
major differences are explained.

[0061] In the embodiment shown, the electrical lines
16a, 16b connected to the voltage pick-up elements 15a,
15b both are guided through the cleavage 18 of the mag-
netic field generation device 17, but only to its center. At
its center, the electrical lines 16a, 16b are guided to the
top in close vicinity and in parallel to each other (or alter-
natively twisted) through the magnetic field generation
device 17. This design has a higher symmetry as com-
pared to the design of Fig. 2a, but requires a feedthrough
of lines 16a, 16b through the upper part of the magnetic
field generation device ("magnet").

[0062] Fig. 4 illustrates a procedure for measuring the
electrical properties of a HTS superconductor as a func-
tion of time < (illustrated to the right), in ani-sweep variant.
The measurement may be performed, for example, on
an apparatus as shown in Fig. 1. Note that the time t
correlates with the location x via the (continuous) trans-
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lation speed v of the HTS superconductor, with x=v*t.
[0063] In this setup, the measurement current i (com-
pare full line) applied via the current exchange contacts
is varied in a saw-tooth like manner as a function of time
7. Over a period (cycle duration) of here 10 ms, the meas-
urement current i(t) is increased linearly from zero to
about 3 A here and back to zero. The magnetic field is
kept constant. The voltage U between the voltage pick-
up elements is measured as a function of time, see volt-
age U(t) (compare dashed line). The example illustrates
here three measurement cycles (see indices j=1, 2, 3).
[0064] For low measurement currents i, the HTS su-
perconductor is practically completely superconducting,
and the voltage drop-off is practically zero. However,
when the measurement current i approaches the critical
current (for the given temperature Tg,,, and B.g,). the
voltage U increases in an approximately exponential
way. Note that the critical current varies locally due to
variations in the structure of the HTS superconductor.
[0065] In the example shown, it is assumed that the
superconductor has reached its critical current when the
voltage U has reached a critical level U,,. For each cycle
j=1,2, 3, the time T is indicated at which U(t)=U,,. At this
point of time, the momentary measurement current ICJ- is
determined, which is considered as the local critical cur-
rent (at the magnetic center in the central region of the
HTS superconductor at B, and at T, applied during
the measurement). The corresponding location along the
tape length is determined as xj=v*rj. In this way, a table
of critical currents | as a function of location x; can be
obtained.

[0066] Alternatively, beginning from the start of each
cycle, an integral /U(7)dz can be determined. The point

of time t;in each cycle j when the integral value reaches

a critical value CV is determined, i.e. 7| is determined for

7
[ U(ddz=CV,
h 0 with 14 being the start of the

respective cycle. For illustration, the integral area of

71
fO U(T)d!’ is illustrated with a hatching. When the
area of the hatching has reached CV, the point of time 1

has been reached, and the measurement current i(r;) at

this point of time can be considered as the critical current

Ij at the respective location x=v*t;. Determining t; via the

integral /U(7)dis somewhat more complex as compared
to a simple limit value U, but thus a higher reliability in

whic!

determining | resp. leent®(x) can be obtained.

[0067] Further, a probing voltage drop U(t) may be de-
termined, for example by reading out the voltage drop
U(t)ineach cycle j=1, 2, 3 at a fixed At after the beginning
1o of said cycle, or alternatively by determining in each

fﬂ)+AT

U(ndr,
cycle the integral i.e. from the be-
ginning 1 of the cycle until At has elapsed. The first de-
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rivative dU(t)/dr of the probing voltage drop U(t) may be
used for identifying defects in the HTS superconductor
passing the characterization zone. In this sense, by
smooth and continuous translation of the tape, the time
T corresponds to a tape coordinate x in the longitudinal
direction. On the other hand, the voltage response U is
formed as an integral of "elementary" voltage drops oc-
curring between voltage pick-up elements as

U — A -1 x0-+4x U 'B d ’
X fJCO (x ) X with x: (longitu-

dinal) tape coordinate/location on the tape, and xo: inte-
gral start position (position of first voltage pick-up element
at measurement time), and Ax: tape length between the
voltage pick-up elements; note that U is here a function
of xo, which in turn is a function of time. The latter integral
allows to take into account the entire voltage drop includ-
ing minor drops occurring in the areas with reduced flux
density. In this way, improved precision of characteriza-
tion may be achieved.

[0068] Fig. 7 shows a typical first derivative dU(z)/dt
as a function of time during passing of a defect. When
the defect enters the characterization zone, a maximum
71 can be observed, and when the defectleaves the char-
acterization zone, a minimum 72 can be observed. Note
that the time t correlates with the location x on the HTS
superconductor via the translation speed v with x=v*t.
[0069] It should be noted that the probing voltage drop
U(r) can analogously be investigated in the B-sweep var-
iant discussed below.

[0070] Fig. 5 illustrates an alternative procedure for
measuring the electrical properties of a HTS supercon-
ductor as a function of time t (illustrated to the right), in
aB-sweep variant. The measurement may be performed,
for example, on an apparatus as shown in Fig. 1. Note
that the time t correlates with the location x via the (con-
tinuous) translation speed v of the HTS superconductor,
with x=v*t.

[0071] Here, the magnetic field applied via the mag-
netic field generation device is varied in a saw-tooth like
manner as a function of time 1. Over a period (cycle du-
ration) of here 10 ms, the magnetic flux density B(t) (tak-
en at the magnetic center, so B corresponds to B.g,) is
increased linearly from zero to about 3 Tesla and back
to zero here (compare full line). The measurement cur-
rent is kept constant. The voltage U between the voltage
pick-up elements is measured as a function of time, see
voltage U(t) (compare dashed line). The example illus-
trates here three measurement cycles (see indices j=1,
2, 3).

[0072] For low magnetic flux densities B, the HTS su-
perconductor is practically completely superconducting,
and the voltage drop-off U is practically zero. However,
when the magnetic flux density B approaches the critical
density (for the given temperature T,,, and measure-
ment current), the voltage U increasesin an approximate-
ly exponential way. Note that the critical magnetic flux
density varies locally due to variations in the structure of
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the HTS superconductor.

[0073] In the example shown, it is assumed that the
superconductor has reached its critical magnetic flux
density when the voltage U has reached a critical level
U, For each cycle j=1, 2, 3, the time T is indicated at
which U(t)=U,. At this point of time, the momentary mag-
netic flux density BCJ- is determined, which is considered
as the local critical magnetic flux density (at the given
measurement current and T, applied during the meas-
urement). The corresponding location along the tape
length is determined as xj=v*rj. In this way, a table of
critical magnetic flux densities B as a function of location
X; can be obtained. If desired, the critical magnetic flux
density may be converted into a corresponding critical
current density by appropriate predefined functions.
[0074] Alternatively, beginning from the start of each
cycle, an integral /U(7)dz can be determined. The point

of time T in each cycle j when the integral value reaches

a critical value CV is determined, i.e. T is determined for

pi
[lU@d=CV,
which * 70 with 1, being the start of the

respective cycle. For illustration, the integral area of

71
fO U(T)dT is illustrated with a hatching. When the

area of the hatching has reached CV, the point of time T

has been reached, and the magnetic flux density B(r;) at
this point of time can be considered as the critical mag-

netic flux density B; at the respective location x=v*t;.

Determining 1; via the integral /U(7)dzis somewhat more
complex as compared to a simple limit value Ucr, but
thus a higher reliability in determining B; resp. I sentSt(x)
can be obtained.

[0075] It should be noted that I, t(x) is typically
transformed into a critical current I 1° present at a
magnetic flux density By,;g,, Which is typically about 10
Tesla or more, i.e. much larger than B.,;, and at a tem-
perature T,,, which is typically at 4.2 K or below, i.e.
much lowerthan T, Forthis purpose, predefined trans-
lation functions may be used, for example applying a lift
factor that expresses a ratio of critical currents measured
at different fields and temperatures. This procedure is
simplified via a reliable correlation of |, values at B>5T,
4.2 K, where the correlation follows so called alpha-law,
i.e. |, ~ B-alPha where alpha is a known constant for wide
field range.

[0076] However, for identifying a low quality of or a
local defect in a HTS superconductor of known type, a
comparison of |, °(x) or Bcj(X;) with previously meas-
ured HTS superconductors (of verified good quality) is in
general sufficient.

[0077] Fig.6illustrates by way of example another pro-
cedure for determining the electrical properties of a HTS
superconductor according to the invention. The proce-
dure may be performed, in particular, on an inventive
apparatus as illustrated in Fig. 1.
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[0078] In this example, the measurement current i is
measured as a function of time t during continuous
translation of the HTS superconductor. The magnetic flux
density is fixed here, and the measurement current at
the current exchange elements is controlled such that a
voltage drop at the voltage pick-up elements, i.e. across
the central region, is kept constant at a predefined value
Utarget- The control algorithm includes increasing the
measurement current i if the momentary voltage U is
below Ui,ger, @and reducing the measurement current i if
the momentary voltage U is above Uy, e typically a PD-
control (proportional-differential control) is applied. Here,
the time for determining the momentary voltage U,
comparing it with Ugqe, deriving an adapted
measurement currenti such that U will be at Uy, ¢ again
and setting this measurement current i at the current
exchange elements defines the cycle duration here.

[0079] When the HTS superconductor shows no de-
fects in the section of the HTS superconductor under
investigation, the measurement current i typically stays
practically constant at a high level 60. Preferably, said
high level is close to the critical current I gt for the
given magnetic field strength and temperature T,,. How-
ever, if a defect (with low or no superconducting current
carrying capacity) gets into this section, the measure-
ment current i drops to a significantly lower level 61.

[0080] In summary, the present invention proposes to
evaluate the electrical properties, in particular the critical
current, ofaHTS superconductor (3), in particular of coat-
ed conductor tape type, wherein a measurement current
(i) is injected into an active part/characterization zone (4)
of the HTS superconductor, wherein the active part is
cooled, but not reservoirs (1, 2) of the HTS superconduc-
tor from and to which the HTS superconductor is wound
continuously, and exposing only a fraction of the active
partto amagnetic field for testing the electrical properties,
with the magnetic field for testing having 1.5 T or more,
in particular 2 T or more, and typically being oriented
perpendicular to a tape flat side, wherein protection
means/buffer devices (20a, 20b) are provided against
current sharing with respect to outside the active part,
wherein injection of the measurement current is done
where the residual magnetic field is atleast 3 times lower
as compared to the magnetic field for testing and/or the
local critical current at the current injection locations is
at least three times higher as compared to the critical
current at the magnetic field for testing. Preferably, cur-
rent injection is done where the magnetic field has an
opposite sign as compared to the magnetic field of test-
ing. Evaluation of the electrical properties, in particular
the evaluation of the critical current, may be done by de-
termining an integral of a voltage drop (U) across the
active part or a fraction of the active part, e.g. between
two voltage pick-up elements (15a, 15b), as a function
of measurement time (1), in particular comparing the in-
tegral value to a critical value (CV) and determining the
corresponding time when the critical value was reached.
The inventive method is less susceptible to measurement
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errors. This may be very well seen in the case when some
local defect that reduces local critical current enters the
characterization zone. When this defect reaches high
field zone (central region), it will cause a constant addition
to the voltage drop until the defect come out of high field
zone. Additionally this defect will contribute to measured
voltage drop when it passes the through the transient
zones (peripheral regions) with field gradient. At evalu-
ation stage these effects may be taken into account using
a first time (or coordinate) derivative from the voltage
drop or the integral voltage drop; note that the voltage
drop orintegral voltage drop has to be examined atiden-
tical boundary conditions, such as at identical magnetic
field strength and measurement current strength, e.g. at
identical relative points during measurement cycles, in
each case. For example, there is a stepwise increase of
voltage drop with a positive peak of first derivative when
local defect enters the characterization zone. According-
ly, there is a stepwise reduction of voltage drop with a
negative peak of the first derivative when defect comes
out of the characterization zone with high magnetic field.
These relationships significantly improve the linear res-
olution, accuracy and stability of the characterization pro-
cedure.

List of reference signs

[0081]

1 first reservoir

2 second reservoir

3 HTS superconductor

4 characterization zone

5 reel drive

6 cryogenic zone

7 cryovessel (cryostat)

8 cover (cryostat)

9 guiding element (last on first reservoir side)
10 guiding element (first on second reservoir side)
11 cryogenic environment

12a first current exchange element

12b  second current exchange element

13a  electrical line/wire (current lead)

13b  electrical line/wire (current lead)

14 inner base frame

15a first voltage pick-up element

15b  second voltage pick-up element
16a electrical line/wire (voltage lead)
16b  electrical line/wire (voltage lead)

17 magnetic field generation device (magnet)
18 cleavage
19 current lead (current lead of magnet)

20a  buffer device

20b  buffer device

21a first buffer zone

21b  second buffer zone

22a first decoupling section
22b  second decoupling section
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12

23 central region

24a  peripheral region

24b  peripheral region

25 ferromagnetic shielding

26 LN2 nozzle and level sensor
27 controller device

28 pendant

29 base plate
30 magnetic field lines

31 magnetic center

60 high level

61 lower level

71 maximum

72 minimum

100 apparatus

B magnetic flux density

(o8]

Q.

determined critical magnetic flux density
measurement current

determined critical current in cycle j
cycle index

time

voltage

critical voltage

translation speed

location on HTS superconductor
location with respect to magnetic center

Q.

xX>X < CcC 9
Q

Claims

1. A method for evaluating the electrical properties of
a HTS superconductor (3), in particular a HTS su-
perconductor tape,
wherein the HTS superconductor (3) is exposed to
a cryogenic environment (11) of a temperature T,
wherein the HTS superconductor (3) passes through
a characterization zone (4) where a magnetic field
is applied to the HTS superconductor (3), wherein
the characterization zone (4) comprises a central re-
gion (23) and two peripheral regions (24a, 24b)
through which the HTS superconductor (3) passes,
and wherein the HTS superconductor (3) is supplied
with a measuring current (i) by two current exchange
elements (12a, 12b), wherein one of the current ex-
change elements (12a, 12b) contacts the HTS su-
perconductor (3) in each peripheral region (24a,
24b),
characterized in
that the HTS superconductor (3) is continuously
translated from a first reservoir (1) through the char-
acterization zone (4) to a second reservoir (2),
that the HTS superconductor (3) is exposed to the
cryogenic environment (11) only in a cryogenic zone
(6), wherein the cryogenic zone (6) includes the char-
acterization zone (4) and wherein the first and sec-
ond reservoir (1, 2) are located outside the cryogenic
zone, (6)
that the HTS superconductor (3) passes two buffer
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zones (21a, 21b) where two decoupling sections
(22a, 22b) are created in the HTS superconductor
(3), with a first decoupling section (22a) established
between the first reservoir (1) and the characteriza-
tion zone (4), and a second decoupling section (22b)
established between the characterization zone (4)
and the second reservoir (2),

that the magnetic field is chosen such that a maxi-
mum magnetic flux density at the HTS superconduc-
tor (3) in the central region (23) is Bggpy, With Bggnir
> 1.5 Tesla, and a maximum magnetic flux density
at the HTS superconductor (3) at the current ex-
change elements (12a, 12b)is Bperi, such that, atthe
temperature T, of the HTS superconductor (3) es-
tablished by the cryogenic environment (11) in the
characterization zone (4), for a critical current | s %"t
of the HTS superconductor (3) in the central region
(23) and a critical current IperiCrit of the HTS super-
conductor (3) at the current exchange elements
(12a, 12b), the following applies:

Ipericnt 2 3*Icentrmt,

and that in each buffer zone (21a, 21b), the HTS
superconductor (3) is treated such that

-the HTS superconductor (3) becomes normally
conducting within the decoupling section (22a,
22b), or

- a local critical current Iy, ., of the HTS su-
perconductor (3) in the decoupling section (22a,
22b) is assumed With 1,5t < 1/50*] o O,

A method according to claim 1, characterized in

that B and B, are chosen such that

centr peri

Ipeﬁcrit

Z S*Icentrcrit
preferably IperiCrlt > 10_*Icentrcnta -
most preferably |pe M > 20*]ny .

A method according to claim 1 or 2, characterized

in that B and B, are chosen with

centr peri

Bperi € 0.3*Beentr ,

preferably Beri < 0.2*Bgenys
more preferably B < 0.1*Begnirs

most preferably Bperi < 0.05"Bent-

A method according to one of the preceding claims,
characterized in that the first decoupling section
(22a) of the HTS superconductor (3) is established
between a last guiding element (9) of the HTS su-
perconductor (3) fed from the first reservoir (1) and
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a first current exchange element (12a) of the current
exchange elements (12a, 12b), and the second de-
coupling section (22b) of the HTS superconductor
(3) is established between a second current ex-
change element (12b) of the current exchange ele-
ments (12a, 12b) and a first guiding element (10) of
the HTS superconductor (3) fed to the second res-
ervoir (2).

A method according to one of the preceding claims,
characterized in that in the buffer zones (21a, 21b),
the HTS superconductor (3) undergoes

a) an active heating, in particular an electrical
heating, to a temperature Ty e, With Tpyser >
Tenys preferably Ty e, > room temperature,
and/or

b) exposure to a jamming magnetic field that
suppresses the local critical current I g%t

A method according to one of the preceding claims,
characterized in that the current exchange ele-
ments (12a, 12b) are positioned such that a local
direction of the magnetic field at the current ex-
change elements (12a, 12b) is opposite to the direc-
tion of the magnetic field in the central region (23) at
the HTS superconductor (3).

A method according to any one of the preceding
claims, characterized in that a voltage drop V.,
(U) atleast across the central region (23) of the HTS
superconductor (3) is monitored using two voltage
pick-up elements (15a, 15b),

in particular wherein the voltage pick-up elements
(15a, 15b) contact the HTS superconductor (3) be-
tween the current exchange elements (12a, 12b).

The method according to claim 7, characterized in
that the method is conducted such that for the volt-
age drop Vo, (U), the following applies

0-5 }JV S Vdrop ﬁ 2 V,

preferably 0.5 WV <Vy oo <1V,
most preferably 1 pV <Vyn <1 V.

A method according to one of the claims 7 or 8, char-
acterized in that the voltage pick-up elements (15a,
15b) are connected to electrical wires (16a, 16b),
and that at least a part of one or both of the electrical
wires (16a, 16b) is guided within the characterization
zone (4) together with the HTS superconductor (3)
through a cleavage (18) of a magnetic field genera-
tion device (17).

A method according to one of the claims 7 through
9, characterized in that a probing voltage drop (0)
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as a function of time (t) or location (x) on the HTS
superconductor (3) is determined, wherein for deter-
mining the probing voltage drop (U),

- the voltage drop (U) is repeatedly read out at
an identical respective magnetic field strength
and at anidentical respective measurement cur-
rent value,

- or the voltage drop (U) is integrated during re-
peated congeneric cycles of sweeps of the
measuring current (i) or the magnetic field until
an identical measurement current value or an
identical magnetic field strength has been
reached in each case,

that a first derivative with respect to the time (t) or
location (x) of the probing voltage drop (i\/) is deter-
mined,

and that a transport of a defect of the HTS super-
conductor (3) through the characterization zone (4)
during the continuous translation is established by
identifying a maximum (71) of the first derivative of
the probing voltage drop (U) followed by a minimum
(ZZ) of the first derivative of the probing voltage drop
V).

11. A method according to any one of the preceding

claims, characterized in that the evaluation of the
electrical properties of the HTS superconductor (3)
includes

a) applying a constant magnetic field in the char-
acterization zone (4), applying a sweep of the
measuring current (i), and monitoring a voltage
drop (U) at least across the central region (23)
along the HTS superconductor (3), or
b)applying a constant magnetic field in the char-
acterization zone (4), and regulating and moni-
toring the measuring current (i) such that a con-
stant voltage drop (Uiaget) at least across the
central region (23) along the HTS superconduc-
tor (3) is obtained, or

c) applying a sweep of the magnetic field (B) in
the characterization zone (4), applying a con-
stant measuring current (i), and monitoring a
voltage drop (U) at least across the central re-
gion (23) along the HTS superconductor (3).

12. A method according to claim 11, characterized in

that the method is conducted such that for a cycle
duration CD of the sweep of the measuring current
(i) and/or of the sweep of the magnetic field (B), or
a cycle duration CD of regulating the measuring
current (i) to re-establish the constant voltage drop
(Utarget), the following applies:

0.5ms £ CD £ 100 ms.

10

15

20

25

30

35

40

45

50

55

14

EP 3 671 247 A1

13.

14.

15.

16.

17.
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A method according to any one of the preceding
claims, characterized in that the evaluation of the
electrical properties includes evaluating the critical
current I, ot of the HTS superconductor (3) at the
temperature T, established by the cryogenic envi-
ronment (11) and at the maximum magnetic flux den-
sity Bcentr'

The method according to any one of the preceding

claims, characterized in that B_,;, is chosen with

Bcentr 5 6 TES|a,

preferably B g < 4 Tesla,
and that T, is chosen with T
preferably Ty, = 77 K.

> 24K,

env

The method according to claim 13 and claim 14,
characterized in that the evaluation of electrical
properties further includes estimating a high field low
temperature critical current Iyg t° for the HTS su-
perconductor (3) at a magnetic flux density By,;4, and
at a temperature T, based on | g, with

Bhigh 2 3*Bcentr ¥

preferably By, > 10 Tesla,
most preferably By,g, = 15 Tesla,
and further with

Tow<4.2K.

The method according to one of the preceding
claims, characterized in that the magnetic field is
shaped using a ferromagnetic screening (25).

An apparatus (100) for evaluating the electrical prop-
erties of a HTS superconductor (3), in particular a
HTS superconductor tape, designed for performing
a method as described in one of the preceding
claims.
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